The eld of human genetics is being reshaped by exome and genome sequencing. Several lessons are evident from observing the rapid development of this area over the past 2 years, and these may be instructive with respect to what we should expect from 'nextgeneration human genetics' in the next few years.
In 2005, two publications introduced methods for massively parallel DNA sequencing [1, 2] , marking the beginning of a dizzying free-fall in sequencing costs that continues today with no obvious end in sight. To enable the flexible application of these 'next-generation' technologies in the context of human genetics, our group and others have developed new methods for the parallel and programmable capture of complex subsets of the human genome at a cost and scale that is commensurate with the power of new sequencing technologies [3] .
ese methods facilitate the next-generation sequencing of specific subsets of the genome in many individuals for the same cost as whole-genome sequencing of a single individual. An effective compromise between the competing goals of genome-wide comprehensiveness and cost-control was realized in the concept of 'exome sequencing' , that is, the capture and sequencing of the approximately 1% of the human genome that is protein coding [4, 5] .
e contents of this special issue of Genome Biology, as well as over 200 other publications since 2009 whose abstracts contain the term 'exome' , confirm the success of exome sequencing as a new and effective technological paradigm within human genetics. Exome sequencing has proven useful for identifying the molecular defects under lying single gene disorders, as well as some genetically heterogeneous disorders; for identifying genes that are recurrently mutated in various cancers; and for new insights with respect to human evolution and population genetics. Furthermore, even though exome sequencing only became broadly accessible in late 2009, well over 10,000 exomes have been sequenced to date. Consequently, what has been published thus far is likely to represent only a small fraction of collective body of work in progress that applies exome sequencing in diverse contexts.
Today, the cost of whole-genome sequencing has fallen to a few thousand dollars, and exome sequencing is being declared in some quarters to be obsolete at the very moment when it has seemingly become pervasive. ere is likely to be some truth to this. As the cost of wholegenome sequencing is falling to a level where it is broadly accessible, and as the cost differential between exome and genome sequencing is diminishing as well, there inevitably will be less motivation to bother with exome enrichment. However, although the 'exome versus genome' tension is of great practical relevance, I worry that it may distract us from other lessons that are evident from observing the rapid development of this field over the past 2 years. I attempt to summarize a few of these below, as they may be instructive with respect to what we should expect from 'next-generation human genetics' in the next few years.
High-yield genetics
Exome sequencing identifies approximately 20,000 variants [4] , and genome sequencing identifies approximately 4,000,000 variants [6] , per individual sequenced. New technologies have altered the nature of the starting point, but the fundamental problem for human geneticists remains the same: how to narrow to the single or few variants that are causal for a phenotype of interest. To date, nearly all successful studies applying exome sequenc ing to identify disease genes have adopted one of three paradigms for reducing search space. (1) For solving Mendelian disorders, a straightforward strategy initially proposed by our group involves exome sequencing of a small number of affected individuals, filtering of common variants by comparison to public SNP databases or unrelated controls, and prioritization of genes containing apparently rare, protein-altering variants in all or most affected individuals [4] . e major advantage of this approach is that it can be independent of linkage analysis, that is, it enables the identification of the molecular basis of a Mendelian disorder without requiring access to pedigrees of sufficient size to properly map the locus, or any pedigrees, for that matter (though pedigree information can still be useful, especially for genetically heterogeneous disorders [7, 8] ). For recessive disorders, particularly those occurring in consanguineous families, exome sequencing of just a single individual (that is, n = 2 in terms of affected chromosomes) followed by filtering of common variants may be sufficient to narrow to one or a few candidate genes [9] . (2) An alternative strategy involves exome sequencing of parentchild trios to identify the (approximately) one de novo coding mutation occurring per generation [10] . This may be particularly effective for Mendelian disorders where a dominant mode of transmission is suspected and proband(s) with unaffected parents are available. More notably, however, this paradigm is being successfully applied to approach complex neuropsychiatric disorders, including intellectual disability [10] , autism [11] and schizophrenia [12] . Although mutations in hundreds of genes may contribute to each of these genetically and phenotypically heterogeneous disorders, the fact that de novo, large-effect coding mutations appear to underlie a sizable proportion of sporadic cases provides a highly efficient means for identifying candidate genes. (3) For cancer, a straightforward approach involves the pairwise comparison of exome sequences of tumor and normal tissue from the same individual to distinguish the handful of somatic coding mutations from a large background of inherited variants. Exome sequencing of relatively modest numbers of matched tumor-normal pairs can yield the identification of novel, recurrent driver mutations for specific types of cancer [13, 14] .
A shared and compelling aspect of each of these strategies is that they represent 'high-yield genetics' , that is, the unambiguous identification of a novel disease gene(s) with exome sequencing of a relatively small number of samples and a correspondingly modest investment of resources. There is clearly a lot of low-hanging fruit still to be had, and further decreasing costs and increasing analytical sophistication will only increase the productivity of these paradigms. Furthermore, as the broader field shifts from sequencing exomes to sequencing genomes, these same strategies may prove to be the most 'high yield' for ascertaining the contribution of noncoding mutations to Mendelian disorders as well as to at least some common diseases, for example, neuropsychiatric disorders and cancer.
Power to the people
Hundreds of independent research groups have successfully implemented exome sequencing in the past 2 years. At least five factors contributed to this being possible: (1) the widespread purchase of next-generation sequencing instruments since 2005; (2) the availability of excellent open-source software for data analysis, for example, bwa [15] and samtools [16] ; (3) the rapid development and commercialization of effective reagents for exome capture, for example, Agilent SureSelect, Nimblegen SeqCap; (4) a relatively low cost per sample (that is, capture reagents and one sequencing lane) such that the entry point cost for exome sequencing was historically much more accessible than that of genome sequencing; (5) the fact that such a large number of groups have samples on hand on which they are highly motivated to perform exome sequencing. Why does this broad base of participation matter? First, the learning curve for new technologies can be substantial. As a consequence of the perceived effectiveness, simplicity and affordability of exome sequenc ing, a much larger group of researchers has engaged and become competent with next-generation sequencing than might otherwise have been the case. Second, the field itself benefits tremendously from this 'democratization' of access and participation, in the sense that much of the innovation and nearly all of the discoveries have come from small groups working with next-generation sequencing for the first time. Notably, there are very few discoveries made by whole-genome sequencing to date that could not have been made more cost effectively by exome sequencing. However, many fewer groups have thus far taken on whole-genome sequencing, and it is possible that broader participationin terms of the researchers and their samples -remains the missing ingredient.
Challenges and opportunities
Even with the rapid maturation of this field, there are a number of areas that are still, to varying degrees, a workin-progress; these are described as follows. (1) Exome sequencing fails to solve a substantial proportion of presumably Mendelian phenotypes, even in model organisms where the genetics are crystal clear [17] . If we are to conceive of solving all of the Mendelian disorders for which the causative gene(s) remains unknown, understanding the basis of these failures will be critical. Analogously, there are types of cancer where exome sequencing has not been that successful, due perhaps to marked genetic heterogeneity or the fact that many of the underlying driver mutations may be structural or noncoding. (2) There is tremendous interest in understanding the contribution of rare variation to the genetic basis of common diseases. Many such studies have been initiated using exome sequencing, but are still ongoing as they require large sample sizes to achieve power. These studies will set the stage for understanding the contribution of all rare variants, coding and non-coding, to these same diseases via whole-genome sequencing. (3) The discrete prioritization of all protein-altering variation over all other variation has clearly proven useful, but is undeniably crude. As we shift from exomes to genomes, we incur a 100-fold increase in noise for an unknown gain in signal. We are desperately in need of more sophisticated methods for assigning more appropriate 'priors' to coding and non-coding variants alike. (4) To date, attempts to interpret 'personal exomes' or 'personal genomes' for clinically relevant facts have been mostly disappointing. If we are to be successful in deploying these tools in a clinical setting, we have a very long way to go in terms of predicting phenotype from genotype.
We are only a few years into an incredible trajectory in which exome sequencing and genome sequencing are reshaping the landscape of human genetics. For some problems, it is clear that these technologies were exactly what were needed, and the application of high-yield paradigms by diverse research groups is leading to a plethora of rapid discoveries. For other problems, the removal of one rate-limiting step has only given way to a new rate-limiting step, and we are likely to have our work cut out for us for the foreseeable future.
Abbreviations SNP, single-nucleotide polymorphism.
